This is the flow of information between Plant-plant signalling Plants generate and perceive informational signals.
phogenesis, phytochrome, shade avoidance. This is 'the negative effects which one organism has upon another by
Plastic responses
consuming, or controlling access to a resource that is limited in availability'
Plasticity is essential for plant survival, and indeed for ( Keddy, 1989) .
the survival of any organism (see Table 1 for a definition of terms). Plastic responses are expressed over a variety Although it is not uncommon in ecology textbooks to of time scales, from the rapid movements of antenna describe plant responses to environmental stresses as proteins and pigments between PSII and PSI during inevitable consequences of limitations or imbalances in short-term acclimation to fluctuations in light intensity, the resources available to the plant, it is seldom pointed to the changes in crown shape or root architecture that out that these responses (1) are based on finely-tuned may take years to develop. Plastic responses, which and co-ordinated information-transduction cascades, (2) essentially depend on changes in gene expression and do not necessarily represent the only possible solution to protein function, are continuously implemented in the the resource conflicts presented by the environment, and plant and serve a number of functions, including the (3) sometimes they even anticipate changes in resource maintenance of metabolic homeostasis, foraging for availability (see Aphalo and Ballaré. 1995; Ballaré, 1999, resources, and defence. In most cases plastic responses and references therein). Plastic responses are triggered by involve metabolic as well as morphological and developmental components.
a variety of signals, including things that are frequently considered only in terms of their energetic value or At low densities the height of the stem increased with density, but above 500 seedlings per square metre density deleterious effects. Thus, signals that engage specific response programmes include: (1) specific external clues had little effect on height (Fig. 1) . The spread of height values differed very little among densities. Density had (such as changes in the red:far-red ratio, biotic elicitors, etc), (2) variations in the amount of resources available to the plant (e.g. incident PPFD, hexose level in a particular tissue, etc.), and (3) products of cellular damage (e.g. DNA lesions, free radicals, etc). Any molecular mechanism that is capable of extracting information from 1, 2, and 3, and transforming that information into a potentially useful plastic response is bound to be under continuous selective pressure.
Frequently, the functional details of the mechanisms that allow plants to sense and react plastically to changes in their environment tend to be ignored or overlooked in descriptions of plant responses to competition or to abiotic stresses. There are limitations associated with the use of very simple models of plant function. For example, it is clear that competition models that are simply based on resource consumption cannot account for plastic, active morphological responses of the plants, which in many environments are critical for the outcome of competition. In the next section the role of informational signals in shaping competitive interactions among plants is discussed.
Detection of neighbouring plants
Incident light is partly reflected, partly absorbed and partly transmitted by plant leaves (Campbell and Norman, 1998). The proportion of light reflected, absorbed and transmitted depends on the wavelength and, particularly important for this discussion, is the high absorptance of red light and the high reflectance and transmittance of far-red light. This property of leaves makes them behave both as coloured mirrors and coloured filters. Phytochromes are photoreceptors that mediate many responses to shading by vegetation by sensing changes in the red to far-red photon ratio (R5FR) (Smith, 1994 (Smith, , 1995 ; Smith and Whitelam, 1997, and references plots (Nelder, 1962) have been used frequently to study Four replicate trays were used. Data from the two outermost border responses of plants to population density. They are usurows of seedlings on all sides were discarded because of edge-effects. The seedlings were located in a non-heated and well ventilated ally laid out in the field or forest, with plants interacting greenhouse at Suonenjoki, Finland (62°39∞ N, 27°03∞ E ). The seedlings both above-and below-ground. However, in this Nelder grew undisturbed for one growing season, and were harvested in the experiment with Betula pendula, pots were used to restrict autumn after leaves had dropped (PJ Aphalo and R Rikala, unpublished data). density effects to those occurring above-ground. little effect on seedling total dry mass (shoot plus roots). The spread of dry mass values was notably larger for the highest density. At low densities, root mass ratio, that is the proportion of the total plant dry mass located in the roots, decreased from 0.51 to 0.33 as a function of increasing density. Above 500 seedlings per square metre density had little effect on allocation, with no further decrease in root mass ratio (data not shown).
To show better how variability amongst individuals was affected by density, the coefficient of variability (standard deviation divided by the mean) is used. The variability in the dry mass of the seedlings greatly increased with density, while variability in height slightly decreased ( Fig. 2) . This shows that there is a stabilizing force that greatly reduces the impact on height of the differences in seedling size measured as biomass. As a consequence of this stabilizing force, even at high density very few individuals were suppressed by competition.
Photon irradiance of red and far-red light was measured with a cylindrical light collector which sees only light propagating horizontally. These data were measured early in the growing season. At low densities the main effect was an increase in far-red irradiance caused by reflection, while at higher densities the predominant effect was the decrease in red irradiance caused by absorption ( Fig. 3) . The R5FR calculated from these data decreased steadily with density, even at very low densities, with an almost The role of phytochromes as sensors of density et al., 1987, 1990 ). However, the questions remained as to which phytochromes are responsible for sensing the functional phytochrome A ( phyA), and a blue light phororeceptor mutant (cry1) were used (Ballaré and R5FR changes in horizontally propagated radiation and how important are these phytochrome-mediated Scopel, 1997). In this experiment canopy biomass per unit ground area was fairly independent of density for all responses in driving the plastic adjustments of plants in growing canopies. More recent experiments with transgenotypes except phyB. For this mutant, which does not respond in a normal way to far-red light, canopy biomass genic tobacco and photomorphogenic mutants of Arabidopsis not only shed some light on these questions, decreased with increasing density, even though the constitutive phenotype of this mutant was similar to that of but also reveal the importance of photomorphogenic plasticity per se on stand performance.
shade acclimated plants of the wild type. The results for the production of fruits per unit ground area were very In an experiment with Nicotiana tabacum plants grown at different densities, a homozygous line of transgenic similar to those for canopy biomass: production of fruits decreased with increasing density in phyB, while it tobacco was used that over-expresses an oat PHYA cDNA and a wild-type isogenic line (Ballaré et al., 1994) . The remained constant in the other genotypes. Figure 5 shows the dependency on density of the coefficient of variation height of the wild type increased with density and in response to far-red light whereas that of the transgenic for the number of fruits per plant. Again, only phyB was significantly different from the wild type: as density line did not. The relationship between size inequality among individuals and density, was also altered in the increased variability increased more steeply in the mutant. PHYA over-expressor. At high densities, inequality measured as the coefficient of variability of shoot dry mass Population-level implications of shade avoidance (Fig. 4) was clearly much smaller in the wild type than in the transgenic line. Furthermore, at the highest density,
The results from these two experiments using mutant and transgenic plants are puzzling at first sight: neither populathe mean dry mass ratio between the largest and smallest plant in each experimental unit was 5 for the wild type tions deficient in phytochrome (plants always similar to individuals growing at very high density), nor those overand 27 for the PHYA over-expressing transgenic line: the stabilizing process that moderates size structuring was expressing phytochrome (plants always similar to individuals growing at low density) perform well at high not active in the transgenic line, which does not respond in a normal way to far-red light.
density. What is it that is common to these two contrasting genotypes: they both have reduced plasticity, in neither In another experiment recently with Arabidopsis thaliana, a wild-type line ( WT ), a mutant which lacks funcof them height growth responds in a normal way to the tional phytochrome B ( phyB), a mutant which lacks proximity of neighbours. Because of this, canopies of information obtained both from signals internal and external to the individual plants. These 'decisions' underlie either of these 'constitutive' or 'non-plastic' genotypes have a reduced ability to stabilize size inequalities. many plant responses to environmental signals, of biotic and abiotic origin, including shade avoidance. If the shorter individuals grow taller (proportionally to their dry mass) when shaded, their share of the light When moving the viewpoint from the individual plant to the mono-specific stand, new emergent properties of (energy) resource improves and, consequently, the intensity of asymmetrical competition for light decreases. By the system appear, and the apparent ecological function of shade avoidance as traditionally described (Casal and reducing differences in height among individuals, shadeavoidance indirectly reduces the variation in growth rate Smith, 1989; Schmitt, 1997) needs to be expanded: in addition to its important role in the competition for light and size (measured as dry mass) and reproductive output.
Reducing size inequalities can improve canopy perbetween individuals, shade-avoidance responses may play a less frequently recognized, but nevertheless central role formance because individuals which die before reproduction, or produce a meagre yield of propagules, have in shaping the structure and evolution of plant populations. captured resources (mineral nutrients, water and light) early in the season making them unavailable to the successful individuals which later out-competed them. In
